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Atomic Force Microscopy Examination of the Evolution of the
Surface Morphology of Bi,Ti;0,, grown by Molecular Beam Epitaxy
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Abstract. The surface morphology of (00 1) Bi,Ti;O,, grown on (00 1) SrTiO; by reactive molecular beam
epitaxy (MBE) has been examined using atomic force microscopy (AFM). Initial nucleation of a 1/4 unit cell thick
layer is followed by growth of 1/2 unit cell thick layers. Between 9 and 16 layers, a transition to 3-dimensional
growth occurs, leading to well-defined mounds. This implies a Stranski-Krastonov growth mode. During growth,
the morphology follows a behavior consistent with the dynamic scaling hypothesis and we extract values for the
scaling exponents o and f§ from the AFM data. A thickness variation in o is observed and reflects the strain relief

associated with the Stranski-Krastonov growth.
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Introduction

Thin film surface morphology often determines
electrical or optical properties that are crucial to the
performance of a device. In an effort to understand
and control film growth, it is important to characterize
the surface during and after deposition. In this paper
we report our studies of the thickness dependence of
the MBE growth of Bi,Ti;O,, films oriented with
their c-axis normal to the substrate plane.

Bi,Ti;O;, is the n=3 member of the
Bi,0,(A,_B,03,,,) Aurivillius homologous series
[1] and is of interest for use in non-volatile
ferroelectric-based memories [2] and electro-optic
devices [3,4]. At room temperature, Bi,Ti;0, is
pseudo-orthorhombic [5] with lattice constants [6]
a=541A, b=545A, and ¢ = 32.83A. The 32A
tall unit cell is actually made up of 2 formula units
of BiyTi;O,,. We have previously demonstrated
adsorption-controlled  growth of well-oriented
Bi,Ti;O;, on (001) SrTiO; substrates using MBE
[7]. The lattice constant of SrTiO; is 3.905A 61,

leading to a mismatch of 1.7% for the observed
Bi,Ti;0,[100]||SrTiO4[110]  in-plane  growth
orientation at room temperature.

There are a variety of effects that influence surface
morphology during growth [8]. A common observa-
tion, which has been noted for other complex
oxides [9,10], is Stranski-Krastonov (S-K) growth,
caused by lattice mismatch between the substrate and
film [11]. In this case, one or more layers grow
pseudomorphically with the substrate until the strain
energy of the smooth overlayers becomes larger than
the energy associated with 3-dimensional mounds.
While the strict definition of S-K growth implies
single layers followed by an abrupt change to three
dimensional structures, in practice, it is also used to
describe the case where a transition occurs from a
surface with a few layers to one with taller, more three
dimensional structures (see for example [9,10]).
Strain relief in the 3-dimensional features can occur
because they lower free surface energy, they support
dislocations, or they allow enhanced lattice relaxation
[12]. In any case, S-K growth is characterized by a
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mismatch-dependent critical thickness at which 3-
dimensional growth begins. Larger mismatches
induce 3-dimensional growth earlier.

A formalism for analyzing and characterizing
surface morphology is provided by the dynamic
scaling hypothesis (DSH) [13] which postulates a
common behavior for all kinetically grown surfaces.
Briefly, it is possible to put limits on the form of the
height-difference correlation function of the surface
[14], which is

) (1)

where R . and ﬁz are locations on the surface relative
to a fixed, arbitrary origin, h(R,) is the height at R,
and p = |R, — R, |. The small and large p limits of G,
based on the DSH, are p2°‘ and M?P respectively,
where o and f are scaling exponents characterizing
the surface morphology and M is the amount of
deposited material (proportional to the total time of
deposition if the rate and sticking coefficient are
constant). A variety of thin film systems exhibit this
limiting behavior [15] and different models of
epitaxial growth produce different, although perhaps
not unique, values of o and f3. For our purposes, the
exponents o and f describe the surface better than
typical roughness measurements and are the basis of
comparison with other systems and simulations.

Experimental

For this study, Bi;Ti;O,, films of different thickness
were grown on identically prepared, nominally (00 1)
oriented SrTiO; substrates (i.e., less than 0.5° miscut).
The different films will be denoted by the number of
titanium shutter cycles (each of which delivers the full
titanium content of one formula unit of Bi,Ti;0;,)
used in their growth. Several techniques indicate a
sticking coefficient of 1 for the incident material after
growth begins [7]. Surface morphology was examined
ex situ in air using ‘‘tapping mode’’[16] AFM
(noncontact) with silicon probes having a
~300kHz resonant frequency. Analysis of the AFM
images was carried out after background subtraction
and adjustment of scan line registry for vertical offsets
occurring during tip retrace.

Results

Figures 1(a) through 1(g) show 2pum x2um AFM
images of the Bi, Ti;0,, surface from bare substrate to
60 shutter cycles. The bare surface is typical of an
NH4+HF etch [17] followed by heating to growth
temperature and exposure to ozone. The slip lines are
not always present.

Figure 1(b) shows a 1/2 shutter cycle deposition.
The substrate step structure is still visible but the
surface is now covered with small units of material.
The steps are closer together than those in Fig. 1(a)
because this substrate is miscut by 0.4°. Line sections
through the AFM images show the height of the
material to be ~ 8A or roughly 1/2 of a Bi,Ti;O,,
formula unit. Since they cover ~ 1/2 of the surface,
this would correspond to enough material for the
equivalent of 1/4 of a full monolayer (1/4 ML eq.)
where one monolayer consists of one formula unit of
Bi,Ti3O,, one half the c-axis height of a unit cell.
This is only 50% of the material incident upon the
surface, indicating an average effective sticking
coefficient of ~ 0.5 for the first layer. This is not
inconsistent with the unity value quoted above since
that was measured for thicker films.

After two full shutter cycles, (Fig. 1(c)) islands are
visible on a background still showing the 4 A substrate
steps. The features on top of the islands are also due to
the substrate steps. Line sections through the data
show the islands now to be ~ 16A tall, which is one
full formula unit, or ~ 1/2 unit cell high. Histogram
analysis shows that they cover ~ 1/4 of the surface,
corresponding to 1/4 ML eq. coverage. Therefore, the
area between these islands is probably not the bare
substrate since 4 times more material has been
supplied to the surface (compared to the 1/2 cycle
film of Fig. 1(b)). Instead, assuming that the sticking
coefficient has become unity for the Bi,Ti;0,, islands
growing on Bi,Ti;0,, layers, as quoted above, a more
reasonable explanation is that they are growing on a
completed monolayer on top of the initial 8 A thick
nucleation layer.

Figure 1(d) shows the result of a 6 shutter cycle
deposition. Here there are now 2 layers actively
growing and a small amount of nucleation beginning
in a third layer. Consistent with the previous film, the
islands on this 6 cycle deposition appeartobe ~1/2 ¢
high. There is 2.29 ML eq. material in the topmost and
nucleation layers and, assuming unity sticking
coefficient, 3 complete layers between. At 12 cycles
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Fig. 1. Atomic force microscopy images of 2 um x 2 um areas of (a) the bare SrTiO; substrate after etching and ozone exposure at growth
temperature, and the growth surface after (b) 1/4 shutter cycle, (c) 2 shutter cycles, (d) 6 shutter cycles, (e) 12 shutter cycles, (f) 20 shutter
cycles, and (g) 60 shutter cycles. Panel (h) is an edge enhanced view of panel (g) illustrating the spiral structures. The z-ranges of (a)
through (g) are 4nm, 2nm, 4.5nm, 8nm, 8nm, 14nm, and 25nm, respectively. The image edges are parallel to the (100) in-plane
directions of the SrTiO; substrates. All films were grown at 640+ 20°C. Panel (i) is the height-difference correlation function calculated for
the three thickest films.
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(Fig. 1(e)), we again observe 2 incomplete layers with
a small amount of nucleation in a third layer. The
layers are 1/2 ¢ high. The substrate steps are no longer
visible, but the general morphology of the incomplete
layers is the same as that of the 6 cycle film, indicating
a stable growth mode up to this point. Here there is
2.76 ML eq. material in the topmost and nucleation
layers with 9 complete layers between, based on the
incident flux.

The next film in Fig. 1(f), which is the result of 20
shutter cycles, is the first to show more than two
incomplete layers with a total of 5 visible in the AFM
image. In this film, the bottom two visible layers have
coverages very similar to those on the previous films,
but now the third layer from the bottom covers
roughly twice the area of the previous films
presumably enabling formation of the two top
layers. Now there is 3.5 ML eq. we can account for,
leaving ~ 16 complete layers we cannot directly
observe. The last film (Fig. 1(g)) is the result of 60
cycles and has 8 incomplete layers visible in the AFM
images, each 1/2 ¢ thick. Well-defined mounds are
now present and spiral growth structures are observed
at various locations on the terraces. Several of these
are highlighted by an edge-enhanced image in Hg.
1(h). Here, the discontinuous island contour in the
topmost layer is a clear signature of a spiral structure
and indicates the presence of dislocations with screw
character. In this film there is 4.26 ML eq. material in
the topmost and nucleation layers for ~ 55 com-
pleted layers following 60 shutter cycles.

G(p) is calculated from 10 pum x 10 um scans of
the three thickest films and is shown in Fig. 1(i). Table
1 shows the values for o extracted by a linear fit to the
region below the first maximum. A numerical fit of the
large p limit of Eq. (1) to the values in the last column
of Table 1 results in § = 0.58 +£0.04. Also shown are
the values of the first minimum in G'/?(p) which
denote the average mound spacing.

Discussion

Figure 1 appears to indicate a Stranski-Krastonov
growth mode. For example, at 2 shutter cycles (Fig.
1(c)) we see single layer islands growing on a
connected (and continuous) layer. At 6 cycles (Fig.
1(d)), we again have, on average, single layer islands
growing on a connected (and almost continuous)
layer. At 12 cycles (Fig. 1(e)) we have virtually the
same situation. Then, at 20 cycles (Fig. 1(f)) we
observe taller island structures (4 layers thick)
growing on top of the connected layer near the
bottom. This is an abrupt change in the aspect ratio of
the features growing on the surface. This trend
continues with the 60 cycle film (Fig. 1(g)) in which
there are 7-layer mound structures. The transition
from two-dimensional to three-dimensional growth
associated with the S-K mode therefore occurs
between 12 and 20 shutter cycles or between ~ 9
and ~ 16 complete layers.

The long- and short-range characteristics of the
surface morphology for thicker films follow the
dynamic scaling hypothesis with o varying from
0.29 to 0.51 with increasing thickness. This reflects
the transition away from the 6 and 12 shutter cycle
films and towards a distribution of regular, evenly
spaced pyramids or mounds. The values of o that we
observe are smaller than those reported for several
metal thin films [18] which range from 0.65 to 0.96
and for SiGe on Si(00 1) which ranges from 0.6 to 0.9
between 200°C and 550°C depositions [19]. This
Bi,Tiz;O;, value for o is actually closest to that
observed for TiN grown on MgO [20] between 650°C
and 750°C. This reflects the fact that the TiN
structures are similar to those in Fig. 1 but does not
imply similarities in the physics, since different
processes could lead to similar morphologies.

The variation of o with thickness implies that the
energetics influencing the growth are changing. As

Table 1. Table of parameters extracted from the height-difference correlation function

Shutter cycles First minimum (nm) o G'2(p) @ 10 um
12 740 0.29+0.01 0.26
20 780 0.40+0.01 0.38
60 1290 0.52+0.01 0.70




noted for SiGe, varying the deposition temperature
changes the energy available to the adsorbates before
nucleation and changes «. In our experiments, in
which the temperature is nominally constant, this
implies a different factor, which is presumably the
strain relieving mechanism behind the S-K transition.
This mechanism may be dislocation introduction
since spirals are observed in the 60 shutter cycle
film, but we cannot identify spirals in the 20 cycle
film. S-K growth without dislocations has been
observed for other systems, including YBa,Cu;0;_s
films [9] on SrTiO;. There, mound formation
preceded the observation of screw dislocations by
16 monolayers.

In order to further probe the possibility that S-K
growth is responsible for the observed structures, we
deposited 60 cycle films of Biy Ti;O;, (under the same
conditions) on (001) LaAlO;-Sr,AlTaOg (LSAT),
which has a 0.8% lattice mismatch and on (001)
NdGaOj;, for which the mismatch is ~ 0.6% on
average (0.4% and 0.8% for orthogonal in-plane
directions). An image of 10 um x 10 um areas from
each is shown in Fig. 2. Obviously, the better lattice-
matched substrates produce a smoother surface
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morphology with only 3 visible layers on the LSAT-
based film and 2 on the NdGaOs-based film,
indicating layer-by-layer growth is still in progress
in each case. This result supports the interpretation
that the roughening on the SrTiO; substrates is a result
of an S-K growth process.

Conclusions

We have examined the surface morphology of (00 1)
Bi,TizO;, grown on (001) SrTiO5. This is a 1.7%
lattice mismatched system for the observed in-plane
growth orientation. The morphology consists of 1 or 2
incomplete layers up to the completion of 9 layers.
Before ~ 16 layers, a transition to 3-dimensional
growth occurs, leading to well defined mounds. This
indicates a Stranski-Krastonov growth mode with a
critical thickness between 9 and 16 layers.

The height-difference correlation function of the
growing surface follows the predictions of the
dynamic scaling hypothesis and we find a scaling
exponent f of 0.58 and an exponent « that varies from
0.29 to 0.52 between 12 and 60 shutter cycles. The

(a)

(b)

Fig. 2. Left: 10 um x 10 um AFM image of a 60 cycle film grown on LaAlO;-Sr, AlTaO4 (LSAT). Right: 10 yum x 10 um AFM image of a

60 shutter cycle film grown on NdGaOs;.
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variation in o indicates an evolution of the energetics
driving the growth and reflects the strain relieving
process in the S-K growth mode. We have verified
that, for at least two cases, choosing a more closely
lattice matched substrate appears to increase the
critical thickness significantly.
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